In this paper the driven transport of linear polymers through a nanopore is presented. Biopolymer physical behavior in an external electric field is modeled and its motion is simulated using the Langevin impulse integrator method. Within fairly large limits, the polymer translocation time is inversely proportional with the electric field intensity and directly proportional with the polymer chain length.
Introduction
The polymer transport process through a membrane with nanometer pores has been intensively studied [1, 3] . A quick analysis shows that the principal sources which trigger the translocation activity are the chemical potential difference, the selective adsorption on one side of the membrane, or the applied voltage. A lot of in vitro wellknown experiments have shown that the single-straned DNA and RNA molecules can be driven through an α-hemolysin membrane channel with the help of an external electric field. In other words, since single-stranded DNA is negatively charged when applying a voltage the polymer is subject to a driving force while passing through the transmembrane pore area, from the negative side to the positive side [4] . The polymer-pore interaction dominates the polymer dynamics. Brownian dynamics simulation is the most used molecular dynamics simulation method for the simulation of the biopolymers transport processes. The displacement mechanism of particles which follow Brownian motion is described by the Langevin equation.
Historically speaking, the Langevin dynamics was introduced to calculate the properties of mesoscopic systems, in molecular simulations. The general dynamics of each monomer results from the random bombardment of solvent molecules. In this conception the monomer motion is a Brownian motion, evidently. According to the announced scenario, any linear polymer molecule contains N monomers, each of size (or is the bead-bead equilibrium distance) is virtually forced to move from a cis zone to a trans zone through a pore of nanometer dimensions. The monomer has an effective charge of = , where is the electron charge, and , i.e., 0 < < 1, is controlled by the solution pH and strength. Actually, the generic nanopore is a cylindrical tube of length L and diameter D. The potential energy of polynucleotides is U = U LJ + U F ENE + U , where U LJ is LJ (Lennard-Jones) potential, U F ENE is FENE (Finite Extension Nonlinear Elastic) potential and U is electric potential energy [5] .
Theoretical concept
Molecular dynamics indicates the general process of describing complex physical systems in terms of a realistic atomic model, with the aim to understand and predict macroscopic properties based on detailed knowledge on an atomic scale. Molecular dynamics (MD) is one of the methods used nowadays by the scientific community to study the properties of polymers. The translocation phenomenon of a single stranded nucleic acid through a nanopore, in an external electric field, may be well described by a 2-D drift-diffusion model. Nevertheless, it is really accurate when the applied voltage (across the pore) causes the drift velocity to dictate the polymer translocation. For easily understandable reasons, but especially because it is computationally less demanding than ordinary Newtonian Molecular Dynamics (MD), the Langevin equation is the most used model in the macromolecular simulations problem [6] . A classical formulation of the Langevin differential equation, for some scalar γ ≥ 0, is the expression The Langevin equation can be solved with the help of several known procedures, such as the time integration Ermak and Buckholtz method or the van Gunsteren -Berendsen (vGB82), the Brooks-Brunger-Karplus (BBK) algorithms, and the "Langevin impulse" (LI) integrator [7] , for the case of a diagonal diffusion tensor. Nevertheless we will not make the usual choice between the classical approaches presented before. Objective considerations determine us to choose another suitable candidate. Also, the simple numerical Langevin integrators of the equation in discussion, seems to be more appropriate for our case. In particular, the integrator class of Langevin equation also has a specific applicability, because it leads to correct sampling even in the difficult high-friction limit [8] .
The time integration method of the Langevin equation
The presented method leads to an integrator form that uses positions only. This integrator is expressed in terms of values of x at which the force F(x) is evaluated and insures the good accuracy of a numerical integrator. Integrating (directly) Eq. (1) by parts gives
In particular, because the Ito, eventually Stratonovich, interpretation is a preciosity, in the third term of the equation above the Riemann-Stieltjes integral will be used. In the case of a constant force, F(x(t))=f=const., Eq. (2) becomes
The iterative calculus can be simplified without considering the thermal noise (neglecting the third term of Eq. (3)).
Modeling philosophies of the transport phenomenon
A molecular system can be described with a fine-grained representation that is a detailed, low-level model of it. A coarse-grained representation of a molecular system is a model where some of this fine detail has been smoothed over or averaged out. In the case of molecular dynamics, coarse graining consists in replacing a fine grained description of a molecular system with a lower-resolution coarse-grained model that averages or smooths away fine details. Classic experiments show that the external typical voltage applied across the nanopore introduces a significant drift factor into the polymer dynamics. Therefore, the 2-D drift-diffusion model can neglect one of the motion components perpendicular to the pore axis, respectively, the Z-axis component.
Biopolymer physical behavior and its motion is simulated by the "Langevin impulse" (LI) integrator algorithm in a continuous space at a constant temperature T.
A linear polymer molecule of length l, consisting of N monomers, each of size a, (l=Na) is prepared to move, from a cis zone to a trans zone, through a nanometer pore whose "thickness" is double that of the monomer's diameter. For this reason the nanopore can only accommodate a single-strand DNA chain. The ideal pore is a part of an infinite two dimensional membrane! We consider no interactions between the polymer and the membrane, but on the other hand the polymer interaction with the pore is strong. Here we assume that as soon as the polymer enters into the pore, it is unlikely to come back, because the theoretical probability to return is very small. This assumption is justified since under experimental conditions the energy gained by a single monomer by moving through the nanopore is much larger than the thermal energy. In particular, the translocation probability can be computed as the fraction of runs leading to successful translocation at given conditions and is qualitatively comparable to the capture rate measured in experiments. The capture rate, defined as the inverse of the time lag between two capture events, depends also on the polymer concentration and because of this a quantitative analysis of the data is not possible [9] . In our simulation model, the first monomer lies exactly at the pore entrance. Due to the existence of an external electric field, the first monomer is pulled through the nanopore from cis to trans zone. The translocation time is defined as the time interval between the entrance of the first segment into the pore and the exit of the last segment. The experimental data demonstrates that the translocation time depends linearly on N in the case of α-hemolysin. In the absence of the external field, the polymer translocation is extremely slow. Therefore, it is of great importance to theoretically investigate the polymer transport under an applied external field, virtually the translocation process under an electric force generated by an electric field, F=qE, where q is the electric charge of monomer and E is the electric field intensity.
Results and discussion
The general Brownian motion equation for a particle under an external electric field can be easily solved by a discrete method, implementable in a versatile computing code, in fact the "Langevin impulse" (LI) integrator. The advantages of LI method are not minor. First of all, this technique uses only the particle position, respectively, the values of x in which the force is being evaluated. Then it provides a highly simplified relation of iterative calculus, compared with other algorithms which integrate the Langevin equation, an important feature that therefore shortens the application execution time.
The last cited advantage corresponds to the legitimacy of ignoring the thermal noise, in drift-diffusion problems, in which the drift component determines the molecular dynamics.
Several logical assumptions should now be made such that the transport phenomenon be produced:
1. the first monomer from the chain should be found at the pore entrance;
2. an external electric field should be applied to "push" the polymer through the pore from cis to trans zone; 3. the polymer shouldn't "tie" itself at the pore entrance.
Not respecting the last condition would result in blocking the translocation. When writing the monomers displacement equations, we have to take into account some distinct realistic conditions.
1. The monomer is found near the membrane but not in the pore's proximity, (the cis zone). In this situation the monomer is repelled by the wall due to the LJ force.
2. The monomer is inside the pore. In this situation the monomer will traverse the pore and both the superior and inferior walls will be acting (with the LJ repelling force) on it. 3. The monomer is found near the membrane but not in pore's proximity, in the trans zone. In this situation the monomer is repelled by the wall due to the LJ force.
Regarding the monomer-monomer interactions we can identify a limited number of different cases, in principle due to the position of a witness monomer to selected close monomers. Now there is a need for a small comment about the geometric limitation of the monomers positions and bond vectors families considered. In the 3D general formulation the polymer is represented as connected repeated units residing on a cubic lattice, so that each cube contains a single monomer. The monomers are geometrically connected with other monomers, for various neighborhood orders, by a certain set of bond vectors. These predetermined vector families prevent bond vectors from crossing and monomers from overlapping [10] . The planar formulation of the problem allows a consistent simplification, because the polymer chain is represented as connected repeat units residing on a 2D lattice, so that each square contains a single monomer. We mention that, in the dynamic simulations of a self-avoiding polymer, each monomer excludes four nearest and nextnearest-neighbor sites on a square lattice. Fig. 1 presents a suggestive sketch of the polymer bidimensional dynamics and of the monomers positions within the polymeric chain. The membrane is built up of opaque stationary particles, having the same size as the monomers of the considered polymer (transparent particles, in the same drawing). In all the selected cases of monomers interactions there appear two interaction forces, namely the attraction FENE force and the repelling LJ force [11] . The attraction FENE force derives from U F ENE potential and the repulsive LJ force derives from U LJ potential. The supplementary forces also acting on the monomers such as the viscous friction force F = 6πη and the external force F=qE due to the electric field action are [12] . As a parenthesis, we remember that translocation time was defined by Chuang et al. using the restriction that the first monomer cannot back out of the pore [13] . In a simplifying manner we can say that = m, in agreement with the dimensions of the narrowest part of the α-hemolysin membrane channel [14] . The scenario is correct and the constants chosen for the simulation are accurate. In support of this statement remember that DNA immersed in electrolyte translocates through a nanopore (formed from staphylococcal α-hemolysin reconstituted in a lipid bilayer membrane), temporarily blocking the electrolytic current through the pore, when a voltage is applied across the membrane [15] . For values of q in the range [0 3 ; 0 6 ] and electric field intensity about 10 7 V/m, the sliding velocity has a value of the order 10 −1 m/s. A nonlinear increase in the sliding velocity (decrease in the sliding time) for decreasing length compared with theoretical values, for short chains (N = 3 − 5) is observed, Fig. 3 . We have to mention that this qualitative nonlinearity appearance in our simulations is in slight discrepancy with the previous experimental and theoretical (molecular dynamics) results where this effect is extended to longer polymers (about N = 10). We consider that this discrepancy is probably due to the simplifications introduced by the 2-dimensional representation and the Langevin equa- tion description. Concerning the influence of the polymer length on the translocation time, two different translocation classes, depending on the ratio between polymer length and the pore length, have been both theoretically and experimentally observed. Therefore, we divide the polymers into two species: long polymers (if the ratio of polymer and nanopore length L > 1) and short polymers (if the ratio of polymer and nanopore length L < 1). The distinction between our paper and reference 5 consists in the fact that we see a real difference only for L < 1 and not for L = 1. In our study, the case L = 1, respectively N = 12, is analyzed in the monomers number interval [5, 15] , Fig. 4 . In other words, the same behavior has been observed for polymers with N in the range [5, 100] . Our simulations show that the translocation time, for the long polymer, is a function which linearly depends on the number of monomers in the polymer. The dependence of the translocation time on the number of monomers in the in the regime where inertia can be neglected. More precisely, the dependence of the translocation time upon electric field is well fitted by a reciprocal dependence on E. We obtain for the 1 E fit, χ 2 = 2 3.
The influence of the driving electric force on the escape time (for a lattice model of polymers) has also been investigated by K. F. Luo et al., for a chain of length N = 100, [16] . They found that ≈ E −0 97±0 02 .
A detailed analysis of this subject is proposed by Brun et al. [17] . Numerous authors found, like we did, that the translocation time is inversely proportional with the applied voltage [18, 20] . Nevertheless, we notice that there are some other contrary results compared to the ones that we obtained. Studying the translocation dynamics of a polyelectrolyte through a nanopore by a coarse grained model, Matysiak et al. found two different regimes for the translocation probability as a function of the applied voltage. In their simulations, both behaviors have been approximated by an exponential fitting function. The translocation probability increases steeply with the applied voltage, while it slowly approaches saturation at high voltage. This phenomenon is caused, perhaps by the changing of the translocation procedure, between two known mechanisms, from "barrier crossing" type to "downhill" type.
The simultaneous influence of both external electric field E and monomers number N, on the translocation time are presented in Figs. 5 and 6.
Separately both influences have been intensely analyzed. A correct global perspective, which will lead to a pertinent conclusion over previously discussed aspects, cannot be accomplished without consulting other papers [21, 25] , devoted to this subtle transport phenomenon. For reasonable statistics of polymer chain kinetics, we repeated its translocation process 2000 times for each set of parameters. The translocation time distribution remains normal (Gaussian), therefore also symmetrical, for values of N situated between 5 and 100. In order to be statistically processed more easily, we have worked with the normalized translocation time, respectively the translocation time itself divided by its average value. For example, the distribution of the 2000 normalized translocation times, in the case of the polymer with N = 70, is a Gaussian quasicentered at 1.0 and with a standard deviation of 0.2.
For higher values it becomes asymmetrical, more precisely being in fact the triparametric Weibull distribution.
The principal results of the numerical computation are presented in the following figures. We used two "views" of Figs. 5 and 6, in order to present frontally both behaviors of the translocation time as a function of N and E, respectively. 
Conclusions
The model proposed here which aims at describing the polymer transport relies on a two-dimensional driftdiffusion process. The advantage of using coarse grained representations lies in the fact that it speeds-up the simulations. Although these computer simulations appear to have a profoundly particular character, being calibrated on DNA molecules they can lead to the behavior knowledge of almost all the polynucleotides. In this paper, the polymer translocation phenomenon through a nanopore in the presence of an electric force generated by an external electric field is numerically examined. The analysis of polymers driven transport process through nanometer pores has confirmed the strong influence of unanimously agreed external factors. Among these we can enumerate the pore thickness, the monomer position in the chain, the polymer length and the measure Figure 6 . Simultaneous influence of both external electric field E (in the range 10 6 7 × 10 6 ) and monomers number N (in the range [5, 100] ), on the translocation time. Two different angles of presentation.
of the applied voltage into the nanopore. The first two factors were minimized, so they do not compromise the results generality. Only polymer chains with a number of monomers between 5 and 100 were considered. We limited to values of N in the announced domain, because for these values we found accordingly the greatest amount of published non contradictory experimental results. The translocation time is a function which principally depends on the number of monomers in the polymer, being directly proportional with the polymer length. The effect of the external electric field E on the translocation time is major. The force resulting from the electric field action has an important role in the transport process. Therefore, the translocation time is inversely proportional with the electric field intensity. These statements are in good agreement with previous experimental results present in the scientific literature.
